Abstract: A high sensitivity hollow fiber temperature sensor based on surface plasmon resonance (SPR) and liquid core is designed and analyzed using a finite element method. Toluene with high refractive index and large thermo-optic coefficient is sealed into the hollowcore of the fiber to guarantee the total internal reflection and works as the sensing medium. One single air hole near the fiber core is coated with gold to generate surface plasmons, and two orthogonal polarization core modes (HE x 11 and HE y 11 ) can be supported due to the asymmetrical SPR region. Contrary to the blue-shift of other liquid-filled SPR temperature sensors, the resonance peak of the designed sensor shifts to the longer wavelength with the increase in temperature. A large temperature range from 20°C to 100°C is calculated and the extremely high sensitivity 6.51 nm/°C in a good linear relationship is obtained. Moreover, the structure parameters and liquid factors are also discussed to optimize the sensor's performance.
Introduction
In recent years, fiber based optical temperature sensors have become more and more attractive due to the advantages of miniaturization, high sensitivity, electromagnetic immunity, real-time and remote sensing capabilities, etc. Various kinds of measuring schemes are designed by researchers, such as fiber Bragg grating (FBG) [1] , long-period fiber grating (LPFG) [2] , fiber Fabry-Perot interferometer (FPI) [3] , in-fiber modal interferometer [4] , liquid-filled photonic crystal fiber (PCF) [5] or PCF based on surface plasmon resonance (PCF-SPR) [6] , et al. In the PCF-SPR temperature sensors, cladding air holes of the fiber are selectively or completely coated with a metal layer and then injected with liquid as the sensing medium to realize the temperature measurement in general. Some researchers proposed metal nanowire colloids filled PCF sensors to avoid the metal coating procedure which can also realize the temperature measurement by localized surface plasmon resonance (LSPR) [7] - [9] .
Weng et al. designed a D-shaped hole double cladding fiber based SPR temperature sensor and the sensitivity is −3.635 nm/°C [6] . Peng et al. proposed a SPR temperature sensor with PCF air holes selectively coated and liquid filled [10] . By filling liquid into the central gold coated air hole of the PCF, Liu et al. reported a temperature sensor and the sensitivity is −2.15 nm/°C [11] . The sensing schemes based on the coupling between liquid-core mode and defect mode are presented [12] , [13] . LSPR based sensors like aqueous silver nanowire colloids [7] , [8] or gold nanowire colloids [9] filled PCFs are also investigated numerically and demonstrated experimentally. But we should note that most of the sensors reported are side-hole-filled fibers to change the plasmon mode couple to the core mode with poor efficiency, resulting in the sensitivities of all the sensors mentioned above are nearly the same (from 0.72 nm/°C to 4 nm/°C), not high enough and there is much room for improvement. SPR temperature sensors based on the photonic band gap (PBG) hollow fiber (HF) is rare although the larger central air hole can facilitate the liquid filling. Moreover, different from the side-hole-filled fibers, the liquid filling of hollow core can improve the coupling efficiency by decreasing of core mode index to match with the plasmon mode with temperature increasing.
In this paper, a SPR temperature sensor based on photonic band gap (PBG) hollow fiber (HF) with liquid core is designed. The loss spectra, mode coupling property and temperature sensing capability are analyzed by finite element method (FEM) using COMSOL Multiphysics software. The larger hollow-core of the fiber (dozens of microns) is injected with toluene to work as the sensing medium and one air hole near the core is coated with gold to generate surface plasmons (SPs). Due to the high RI of toluene, the light-guiding mechanism of HF can be transformed from photonic band gap (PBG) to total internal reflection (TIR). A large temperature range from 20°C to 100°C is calculated and the extremely high sensitivity 6.51 nm/°C in good linear relationship is obtained, which is better than similar works [6] - [13] as well as other sensing schemes [1] - [5] . The influence of structure parameters and liquid factors are also investigated. The merits of simple structure, high sensitivity, real-time and remote sensing capabilities of the designed sensor make it of great potential in practical applications like environment, agriculture and industry.
Structure and Theoretical Modeling
Based on the commercial available HF HC-1550-02 [see Fig. 1(a) ] and HC-1550-01 [see Fig. 1(b) ] (produced by NKT Photonics), two kinds of temperature sensors (Type I and Type II) are designed to make a comparison by removing 7 and 19 air holes at the central region as shown in Fig. 1(c) and (d). The cladding pitch is = 2.74 μ and the diameter of the cladding air hole is d = 2.6 μ. The thickness of gold film is 50 nm and the permittivity can be calculated by the Drude-Lorentz model [14] :
Where ε ∞ is the permittivity at high frequencies and the value is 5.9673, ω D is the plasma frequency, ω D /2π = 2113.6 THz, γ D is the damping frequency, γ D /2π = 15.92 THz, ω is the angular frequency of transmitting light, ε is a weighting factor and the value is 1.09, L and L represent the frequency and the spectral width of the Lorentz oscillator, respectively, L /2π = 650.07 THz, and L /2π = 104.86 THz. The selective air hole coating with gold layer can be achieved with the fs laser-assisted infiltration procedure [15] combined with the wet chemistry deposition technique [16] . Firstly, one end of the HF is fully blocked with a section of ∼10 μm single-mode fiber (SMF). Then via subsequent fs laser drilling, the target air hole can be selectively opened. Utilizing the wet chemistry deposition technique, the thickness of the gold film coated into the target air hole can be accurately controlled by adjusting the deposition time, flow rate of solutions, etc [16] . The toluene filling into the hollow core can be realized in the same way. The background material of the fiber is fused silica and the RI is determined by temperaturedependent Sellmeier equation [17] :
Where λ is the free-space wavelength in microns and T is the temperature in°C. Toluene is injected into the HF as the temperature-sensitive liquid and the RI varied with temperature can be calculated by [10] :
Where n 0 = 1.497 at T 0 = 20 • C, dn/dT is the thermo-optical coefficient and amounts to-5.273 × 10 −4 /°C. In the designed SPR temperature sensor, the material dispersion of toluene is neglected. FEM is utilized to study the characteristics of the designed sensor by COMSOL Multiphysics software. For the FEM modeling, anisotropic perfectly matched layer (PML) is used as the boundary condition which can absorb radiant energy of incident light at various angles and not reflect energy. The computation area is discretized by triangular normal meshes with the total number of mesh elements 39370 for Type I and 45604 for Type II. As shown in Fig. 1 , modal analysis is done in X-Y Fig. 2 . Loss spectra and dispersion relationship between the core guided modes and the plasmon modes at the resonance wavelength for Type I and Type II.
plane while light is propagating along the Z direction. The confinement loss is defined as [7] :
Where Im(n eff ) is the imaginary part of the mode effective RI (n eff ) and λ is the wavelength in centimeters. Fig. 2 illustrates the loss spectra and dispersion relationship between the core guided modes and the plasmon modes at the resonance wavelength for Type I and Type II. Two obvious peaks are observed at 1317 nm and 1256 nm as the core guided mode will couple to the plasmon mode at the resonance point since their propagation constant match, resulting in much loss of energy transmits from the core to the plasmon. The RI variation will induce changes of phase matching point between the core guided and the plasmon mode, thus leading to different loss spectra. Due to the large thermo-optic effects, the RI of toluene can be changed by varying external temperature. Then the temperature variation can be detected indirectly by monitoring the resonance wavelength. The temperature sensitivity relative to the shift of peak wavelength λ p eak and temperature variation T is given by [6] - [8] , [11] - [13] :
As the SPR region is asymmetrical, the sensor exhibits strong birefringence and two polarization core modes in orthogonal direction can be supported. The confinement loss of x-polarized core modes (H E x 11 ) (x-pol, black and red solid lines in Fig. 2 ) is much higher than y-polarized (H E y 11 ) (y-pol, black and red dotted lines in Fig. 2 ) as more energy of x-polarized core mode couples to the plasmon. We know that only second-order or even higher order surface plasmon polariton (SPP) modes can be coupled to the core modes [18] . Compared with Type II, the sensor of Type I exhibits much sharper resonance peak and much higher confinement loss (about one order of magnitude higher), which is better for the detection accuracy. The reason for this phenomenon is that the mode coupling of Type I is complete while that of Type II is incomplete as described in [19] , [20] . In Fig. 2 , it is clear that the sensor of Type I not only satisfy the phase matching condition but also the loss matching. In other words, both the splitting real parts (Re(n eff )) and continuous imaginary parts (Im(n eff )) (proportional to the confinement loss) of their mode effective refractive indices (n eff ) are equal at the anti-crossing point. As shown in Fig. 2 , for Type I, the Re(n eff ) of core mode and SPP mode for x-pol and y-pol at the anti-crossing point are all about 1.49 and the confinement losses of core mode and SPP mode intersect at 1317 nm equal to 560 dB/cm. As for Type II, there is no splitting but some perturbation in Re(n eff ) at the crossing point for the two phase matching leaky modes and their losses are unequal [19] , [20] . Fig. 3 shows the electric field distributions of the core guided mode and the plasmon mode at the phase matching points for two different Types. The electric field distributions show clear differentiation of the nature between core modes (insets (b), (c), (e), (f)) and plasmon modes (inset (a) is Type I and inset (d) is Type II). At the phase matching points, the two modes become strongly mixed, especially for x-polarized (inset (b) and (e)). Thus more energy of x-polarized core modes transferred into the lossy plasmon mode than y-polarized (inset (c) and (f)), which can also explain why the confinement loss of x-polarized core modes is much higher in Fig. 2 . Moreover, Type I is more suitable for temperature measurement due to the larger peak loss and better signal to noise ratio (SNR). Then in the next section, we only consider x-polarized core mode of Type I to optimize the sensor's performance.
Results and Discussions
The structure of temperature sensor has great influence on the sensing characteristics. Three different structures of one single air hole gold coated [Structure I see inset (a) in Fig. 4 ], two symmetrical air holes gold coated [Structure II see inset (b) in Fig. 4 ] and air holes surrounding the core all gold coated [Structure III see inset (c) in Fig. 4 ] are designed. The temperature is varied from 20°C to 100°C with the steps of 20°C and the loss spectra is shown in Fig. 5 . In Fig. 5(a)-(c) , the resonant wavelength generally moves to the longer wavelength and the peak loss decreases with temperature increasing, which is contrary to the blue-shift of traditional PCF-SPR temperature sensors [6] , [11] , [7] , [8] . The difference is attributed to the different ways of the liquid filling. In previous works, the liquid is filled into the metal coated air holes in the fiber cladding. With temperature increasing, the RI of liquid will decrease due to the negative thermo-optical coefficient as described in (3) . Then the n eff of the plasmon mode close to the RI of filling liquid will decrease. But the n eff of the core guided mode close to the fiber material (about 1.45) is stable, resulting in the phase matching point blue-shifts (refer to Fig. 2) . Conversely, in this sensor, the liquid is filled into the core of the HF and the n eff of the core mode is close to the RI of filling liquid. Thus the increment of temperature will decrease the n eff of the core mode while the n eff of the plasmon mode close to the material in contact with the metal surface is unchanged. Hence, the resonance wavelength shifts to the longer wavelength.
Moreover, with the number of gold coated air holes increasing, the resonance strength will be enhanced which exhibits much higher confinement loss. But we should note that when the air holes surrounding the core are all coated with gold, the loss spectra will broaden and sub-peaks will appear due to the discrete SPP modes interacting with each other [21] . In other words, the selectively coated sensor design exhibits narrower resonance spectral width and greater resonance depth, which can give higher sensing resolution and better SNR [10] , [22] . Fig. 5(d) plots the variations of peak wavelengths of three different structures along with temperature increasing. We can see that the fitting lines display a good linear relationship. The fitting curves can be expressed as λ = 6.510T + 1179.18, λ = 6.053T + 1175.13 and λ = 4.455T + 1278.48 for the x-pol core mode of structure I, structure II and structure III, respectively, with correlations 0.99919, 0.99948 and 0.99995. According to (5) , the temperature sensitivity of 6.51 nm/°C, 6.053 nm/°C and 4.455 nm/°C can be obtained. A tradeoff between the resonance strength and the temperature sensitivity can be observed, which means the confinement loss will increase with the gold coated air holes increasing while the temperature sensitivity will decrease. SP waves are very sensitive to the thickness of the metal layer. When the gold layer thickness L are 30 nm, 40 nm and 50 nm, the loss spectra of structure I is plotted in Fig. 6 at the temperature range of 20°C-100°C with the steps of 20°C. Generally, the resonant wavelength moves significantly to the shorter wavelength in the near infrared range and the peak loss decreases strongly when L is increased. As the core guided mode has a limited penetration depth, the SPP modes at the interface of the gold and liquid will be screened with L increasing. This behavior of loss spectra sensitive to gold layer thickness can be used to detect the metal coating results at a fixed environmental temperature. Fig. 6(d) shows the relationship between the resonant wavelength and temperature with different gold layer thickness, which exhibits a linear increment of fitting lines. The slopes for L = 30 nm, 40 nm and 50 nm are 6.375, 6.468 and 6.510, respectively, exhibiting a little rising trend. Therefore, the temperature sensitivity is slightly affected by the gold layer thickness but the resonance wavelength can be tuned to the desired band effectively and the resonance strength can be adjusted by varying gold layer thickness L.
The influence of filling liquid on the temperature sensor is also discussed and three different organic liquid with high RI and large thermo-optical coefficient are calculated. Fig. 7 show the relationship between the resonant wavelength and temperature of toluene (n 0 = 1.497 at T 0 = 20
• C) and CS 2 (n 0 = 1.6276 at T 0 = 20
• C, dn/dT = −7.98 × 10 −4 / • C) filled temperature sensors of structure I at the sensing range of 20°C-45°C with the steps of 5°C. It is clear that the toluene filled temperature sensor perform best while the CS 2 filled poorest. Then we can know that a higher RI of liquid can lead to a better TIR condition and a larger thermo-optical coefficient can result in a greater variation of RI when temperature changes, but not a higher temperature sensitivity. The CS 2 filled sensor has the highest RI and largest thermo-optical coefficient compared with toluene filled and glycerin filled sensors, but the temperature sensitivity of CS 2 filled sensor is lowest. The reason is that the phase matching requires equating the propagation constants of the core mode and the plasmon mode theoretically, which implies that the n eff of the two modes have to be close. The n eff of the core mode is approximate to the filling liquid and the n eff of the plasmon mode is approximate to the material in contact with the metal surface (fused silica about 1.45) [23] . As a result, to realize the high sensitivity, not only the condition of large thermo-optical coefficient but also the RI near the fiber material is required. This phenomenon is very helpful for the optimization of the designed temperature sensor.
Conclusion
A HF based SPR temperature sensor with liquid core is designed and analyzed in this paper. The loss spectra, mode coupling property and sensing capability of the two fundamental core modes (H E x 11 and H E y 11 ) have been elucidated using the FEM. Results show that by filling liquid into the core of the HF, the temperature sensitivity can be improved significantly compared with similar works as well as other sensing schemes. By adjusting structure parameters like gold coated air hole number, gold layer thickness and filling liquid, the sensing performance can be improved further, which can be used in practical applications like environment, agriculture and industry.
